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ABSTRACT
Novel nanocomposites of poly (3-alkylthiophenes) with functionalized MWCNT were
prepared. These nanocomposites were synthesized by in-situ polymerization of the polymer in
presence of the nanotubes. Nanocomposites with poly (3-MT) were synthesized by using
different weight percentages of functionalized nanotubes during synthesis while those with other
polymers were prepared using 30 mg of nanotubes. A nanocomposite of poly (3-MT) with
nonfunctionalized nanotubes and a physical mixture of poly (3-MT) and functionalized
nanotubes was also prepared.
The above nanocomposites were characterized by using techniques such as FTIR, UV-
visible spectroscopy and TGA. These techniques were used to show the difference between the
nanocomposites and the physical mixture and to establish the fact that a bonding existed between
the nanotubes and the polymers. Cyclic voltammetry was used to study the electrochemical
properties of the nanocomposite. Using the data from the voltammograms, the capacitance of the
nanocomposite electrode was estimated.
Different materials were investigated for their potential use as sensing materials in
chemical sensors. A sensor was fabricated using eight different materials as sensing material.
Functionalized MWCNT, non functionalized MWCNT, poly(3-methylthiophene), 3 different
compositions of nanocomposite with functionalized MWCNT/poly (3-MT), nanocomposite with
non functionalized MWCNT and 1:1 blend of functionalized MWCNT and poly(3-
methylthiophene) were examined as sensing elements. The sensor was tested for its sensitivity,
response time and selectivity towards a variety of chemicals such as chlorinated hydrocarbons,
aldehydes, ketones etc.
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CHAPTER I
INTRODUCTION
/./ NANOTECHNOLOGY
In recent times numerous scientific discoveries have been based on a theme of
reductionism in examining matter with smaller and smaller sizes that range from molecular
to atomic or sub-atomic levels. The word nanotechnology comes from the Greek prefix nano
(one thousandth of a million). In modern scientific parlance, a nanometer is one billionth of
a meter, about the diameter often atoms placed side by side in a nanometer dimension. In the
last few decades scientific research in multidisciplinary fields such as biology, physics and
chemistry has been examining matter at the nano-scale levels. This has led to discoveries and
knowledge that has led to the growth of nano-scale industrial technologies. The ultimate goal
is to deliberately engineer matter at this small scale, either by making particles/matter
uniformly smaller, or scaling up matter using nano-sized building blocks. In a talk given in
1959, Richard Feynman predicted that devices and materials could someday be fabricated to
atomic dimensions: "The principles of physics, as far as I can see, do not speak against the
possibility of maneuvering things atom by
atom"[1]. Nanotechnology is about building
things using one atom at a time in a selected topological manner, and in doing so
constructing devices with unprecedented capabilities. The materials with features on the scale
of nanometers
(10"
meter) often have properties dramatically different from their bulk-scale
counterparts e.g. nanocrystalline copper is five times harder than ordinary copper with its
micrometer-sized crystalline structure [2]. The nanomaterials would make it possible to
control properties on a molecular scale that would be easier to process and would have fewer
defects in the structure. This technology is considered to be one of the most promising
technological avenues for development in the 21st century. It is predicted that the
nanotechnology boom may be even greater than the internet boom. This is an exciting time
to be in the nanomaterials business.
After a decade of concentrated research and development (R&D) it has been feasible to
develop commercialization factors for building new industries. As a result a few industries
have popped up which are exploiting the unique properties of the nanoparticles in a wide
range of applications. Among the major companies that are conducting wide scale research in
this field are IBM, GE, Dupont, Dow, Kodak etc.
One of the attractive areas of nanotechnology is the development of nano materials,
chemical sensors and smart sensors. The basis for this development is that the nanomaterials
have superior material characteristics than the conventional ones; the discovery of polymers
having electrical conductivity, carbon nanotubes having large surface areas and the resulting
nanocomposites are opening avenues for new discoveries. In the following sections, basic
discussion of these materials is presented.
/. 1.2 Nanocomposites
A composite is a multiphase material formed from a combination of materials, which
differ in composition or form. Nanocomposites are materials in which the constituents are mixed
on a nanometer-length scale. They often have properties that are superior to conventional micro
scale composites and can be synthesized using surprisingly simple and inexpensive techniques.
Examples: Metal carbide nanocomposites, metal oxide nanocomposites [3], polymer based
nanocomposites [4].
The polymer nanocomposites (PNCs) were developed in the late 1980s in both
commercial research organizations and academic laboratories. The first company to
commercialize these nanocomposites was Toyota, which used nanocomposite parts in one of its
popular car models for several years. Following Toyota's lead, a number of other companies also
began investigating nanocomposites [5]. Nissan Motors Co's X-Trail sport utility vehicle has
fenders made of a lightweight composite reinforced with nanotubes. Sony Corp. is studying
polymer nanocomposites extensively for a wide variety of electronic applications. These
composites consist of nanometer size fillers with either a thermoset or thermoplastic polymer.
The polymer essentially acts as a host matrix for the filler. The key factor to the synthesis of
these nanocomposites is constituent dispersion in the polymer. Uniform dispersion of these
nanoscopically sized filler particles produces ultra-large interfacial area per volume between the
nanoelements and host polymer. This immense internal interfacial area and the nanoscopic
dimensions between nanoelements fundamentally differentiate PNCs from traditional composites
and filled plastics. Several commercially available polymers have been used as host
matrices. A
few selected examples are given below.
Polyacrylate with Si02,Zr02 and BaTi03
Poly (vinyl alcohol) with Si02 and Ti02
Polystyrene and polyethylene with CNT [6]
Polyaniline with CNT [4]
The nanocomposite shows superior properties than either of the constituent [4]. There are
numerous advantages that nanomaterial additives can provide in comparison to both their
conventional filler counterparts and base polymer. The properties, which have been shown to
undergo substantial improvements, include:
Mechanical properties e.g. strength, modulus and dimensional stability
Decreased permeability to gases, water and hydrocarbons
Thermal stability and heat distortion temperature
Flame retardancy and reduced smoke emissions
Chemical resistance
Electrical conductivity
Optical clarity in comparison to conventionally filled polymers
PNCs are being developed for variety of applications like packaging materials, aerospace,
sporting goods, medical and electronics applications such as thin-film capacitors in integrated
circuits and solid polymer electrolytes for batteries [7].
1.1.3 Nanocomposites using Conducting Polymers (CPs) and Carbon Nanotubes (CNTs)
The nanocomposites of CPs and CNTs have been prepared by either physical mixing of
the two components or by addition of the CNTs during polymerization of the polymer [4]. It has
been suggested that both multi- and single-walled carbon nanotubes are ideal materials for the
preparation of extremely strong and resilient, yet lightweight composites. The CNTs form a
complex interpenetrating network with the polymer chains. These composites are of great
interest in terms of the novel electronic interactions between the two elements and the
mechanical reinforcement of the polymer. The combination of the high surface area of CNT
(-1000 m"/g) and CPs (300m7g) make them good candidates as sensing materials. Due to the
efficient electron transfer under visible light from the CP to the CNT they have promise for
photovoltaic devices [8]. The combination of redox charge storage mechanism of CPs coupled
with the high surface area and nanoporosity ofCNT makes them useful as charge storage devices
[9]-
1.2 CONDUCTING POLYMERS
1.2.1 History ofCPs
Until about 30 years ago all carbon based polymers were considered as insulators.
However a discovery in the early 1970's, led to the evolution of electrically conductive
polymers. The discovery of high electrical conductivity in polysulfurnitride, an inorganic
explosive polymer that becomes super conducting at around 0.3 K has been a major advance in
this area [10]. This was the first polymeric material that was shown to have metallic properties.
Out of curiosity, many researchers in the late 1970's directed their attention towards the
synthesis of such polymers that would behave like metals or semiconductors [10].
A major breakthrough came in 1974 when a Japanese scientist, Hideki Shirakawa at the
Tokyo Institute of Technology accidentally added more catalyst than necessary while
synthesizing polyacetylene. The result of this was not a dark powder, the usual form of
polyacetylene, but a silvery film [11]. Several subsequent attempts by Hideki Shirakawa along
with Alan Macdiarmid and Alan Heeger in synthesizing polyacetylene under various conditions
yielded them the conducting form of the polymer. Further, these scientists also found an increase
in the conductivity of polyacetylene when it was oxidized with iodine vapors. These scientists
were awarded the Nobel Prize for chemistry for the year 2000 for their work in the field of
conducting polymers.
The successful work of these three scientists led to the burst of theoretical and laboratory
work to investigate how polymers could possibly conduct electricity, and also to synthesize other
conducting polymers that could be put into practical use. Since then the development in the field
of conducting polymers has continued to accelerate at an unexpectedly rapid rate. Although this
class of polymer is in its infancy, the potential uses of these polymers are quite significant. Some
conducting polymers have already been used in commercial applications like battery electrodes
and antistatic coatings. CPs are being researched today for a variety of other applications like
light emitting diodes, flat panel displays, photovoltaic cells etc [12].
1.2.2 Types ofconducting polymers
Conducting polymers can be broadly classified into three categories [12]:
1 . Conducting Polymer Composites (CPC)
2. Intrinsically Conducting Polymers (ICP)
3. Solid Polymer Electrolytes (SPE)
1.2.2.1 Conducting Polymer Composites (CPC)
These composites are formed by incorporation of some kind of conductive filler in the base
polymer matrix. The polymers like polycarbonate, polyethylene, polyvinylchloride etc. have
been used as base polymer matrix. The conductive fillers used are carbon fibers, stainless steel
fibers, aluminum flakes, nickel coated mica etc. The charge transfer takes place due to the
electron and hole formation by propagation or hopping mechanism. Among the major
applications ofCPCs is design and development of keyboard switches, microcircuits and contact
pads.
1.2.2.2 Intrinsically Conducting Polymers (ICP)
These are the polymers (Fig. 1.1) in which the unique intrinsic conductivity arises due to
the unique chemical structure viz. fl conjugation . The charge transfer takes place due to electron
and hole formation by propagation or hopping mechanism. Examples of ICPs are polyacetylene,
polythiophene, polyaniline, polypyrrole etc. The major applications of ICPs include sensors,
EMI shielding, electrochromic displays, flat panel displays and antistatic coatings.
1.2.2.3 Solid Polymer Electrolytes (SPE)
These are essentially solutions of ionic salts like lithium perchlorate, zinc dibromide etc.
in polymers such as PEO, PPO etc. The charge transfer takes place due to ion formation. The
major application of SPEs is in rechargeable storage batteries [13].
1.2.3 Structures ofsome common ICPs
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Fig. /./: Structures ofsome common CPs
1.2.4 Conductivity ofCPs
The conductivity of CPs can be altered easily by varying the type of dopant (Fig. 1.3),
polymer chain length, type of substituent on the polymer etc. CPs can have conductivity values
between that of semiconductors and metals (Fig. 1.2).
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Fig. 1.2: Conductivity in CPs (From http://www.nobel.se/chemistry/laureates/2000/public.html)
Conductivity
(S cmD
io7
10'
ioJ
10*
io3
io2
10
Copper metal
Polyacetylene
doped with AsF3
Polyacetylene doped with 1 2
Liquid mercury
Poly (p-phenylene)
doped with AsF^
Poly (pyrrole)
doped with 1 2
Polyaniline
(emeraldine)
Logarithmic conductivity ladder locating some metals and conducting polymers
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1.2.5Mechanism ofConduction in Solids
A material is characterized by its electrical resistivity which is the reciprocal of its
conductivity (a). The conductivity depends on the number of charge carriers (n) available for
transport; the charge on the carrier (e) and its mobility (li) [14]. The conductivity of a material is
given by the following equation:
o = n*e*n (1)
In order to increase the conductivity, there has to be an increase in either n or |i or both.
1.2.5.1 Band Theory
The electrical properties of a material are determined by its electronic structure. The band
theory most reasonably explains the electronic structure of materials. According to this theory,
the energy levels of electrons of different atoms constituting a solid group together to form
energy bands. In any solid, there are a series of these bands separated by energy gaps. The lower
most of these bands, which is filled is called the valence band while the highest is called
conduction band. The gap between these two bands is the band gap or energy gap (Eg). A simple
theory of solids predicts us that the number of electrons available for transport in the conduction
band at a given temperature depends on the energy gap given by the relation:
n = (Nc * Nn)05 exp(-Eg / kT) (2)
Nc and Nu are the densities of the available levels in the conduction and valence bands
respectively, Eg is the energy gap, k is the electron binding energy and T is the temperature . The
mobility of the charge depends on the exact scattering mechanism present during their transport
across the material and is inversely proportional to the effective mass (m*) of the charge carrier.
It is given by:
\i = e*x / m*
where t is the relaxation time and is defined as the time taken by the charge to redistribute itself.
The electrical properties of conventional materials depend on how these bands are filled. Crucial
to the conduction process is whether or not there are electrons in the conduction band. If the band
gap is narrow, electrons can move from the valence band to the conduction band which gives rise
to the conductivity. This is what happens in classical semiconductors. If the band gap is too
wide, excitation at room temperature is insufficient to excite the electrons across the gap and
hence the solid acts as an insulator. The high conductivity ofmetals is due to the partially filled
conduction band, and a partially empty valence band.
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Fig. 1.4: Energy Bands in Solids
1.2.6 Mechanism ofConduction in Conjugated Polymers
The conjugated polymers are peculiar in that they conduct current without having a
partially empty or partially filled conduction band. The observed electrical conductivity cannot
be interpreted by the existing simple band theory. To explain some of the electronic phenomena
in these organic polymers, concepts from physics like solitons, polarons and bipolarons have
been applied to CPs. When an electron is removed from the top of the valence band of a CP; a
vacancy (hole or radical cation) is created that does not delocalize completely as would be
expected from the classical band theory. Only partial derealization occurs extending over
several monomeric units and causing them to deform structurally. Its energy is in the band gap as
shown in Fig. 1.4.
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Fig. 1.5: Conduction in CPs
A radical cation that is partially delocalized over some polymer segments is called a
polaron. It stabilizes itself by the polarizing medium around it, hence the name. Since it is really
a radical cation, a polaron has a spin of half (1/2). The energy level associated with this radical
cation represents a destabilized bonding orbital and thus has a higher energy than the energies in
the valence band. If another electron is now removed from the already oxidized polymer
containing the polaron, two things can happen: This electron could come from different segments
of the polymer chain thus creating another independent polaron, or from the first polaron level
(remove the unpaired electron) to create a special dication called bipolaron. The low doping level
gives rise to polarons whereas higher doping levels produce bipolarons. The bipolaron also has
some structural deformation associated with it (Fig. 1.5). Both polarons and bipolarons are
mobile and can move along the polymer chain by rearrangement of double and single bonds in
the conjugated system and are thereby responsible for conduction. The conduction by polarons
and bipolarons is considered to be the dominant mechanism of charge transport in polymers with
nondegenerate ground states. These concepts also explain very well the optical absorption
changes seen in these polymers with doping.
In the case of polyacetylene, which has a degenerate ground state, the bipolaron dissociates into
two independent cations, which are spinless and are called solitons. Solitons are not formed in
polymers with nondegenerate ground state such as polypyrrole and polythiophene.
1.2. 7Advantages ofCPs [ 1 51
1 . CPs could be more cost effective than metals in many applications that require electrical
conduction.
2. They have design advantages over metals in superior impact resistance, flexibility and
non corrosiveness of plastics.
3. CPs can switch reversibly from conducting to insulating state and this is indicated by a
change in color.
4. The conductivity can be tailored easily by varying dopant used, polymer chain length,
doping process, purity of the sample and degree ofpolymerization.
5. Most CPs exhibit electrochromic behavior and hence different colors can be made
available by using the same polymer.
6. CPs are lightweight and can be recycled easily.
1.2.8 Application oCPs_[l5]
1 . Chemical and gas sensors
2. Antistatic coatings
3. Electromagnetic shielding
4. Rechargeable battery electrodes
5. Light Emitting Diodes (LEDs)
6. Flat panel displays
7. Smart windows
8. Contact pads
9. Keyboard switches
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Among the several different CPs, polythiophene fulfills several of the above requirements for
sensor applications. In the following sections, a review of the developments of this polymer
is discussed.
1.3. POLYTHIOPHENES
1.3.1 Introduction
Polythiophenes (PThs) were one of the earliest conducting polymers synthesized. PThs
are an important class of conjugated polymers that form some of the most environmentally and
thermally stable materials. This makes them useful in a wide variety of applications. PThs have a
regular polymeric backbone that can be obtained by varying the nature of the dopant and the
structure of the monomer. Due to its chemical and electrochemical stability, high conductivity
upon doping, and non-linear optical properties, PThs are among the widely studied conjugated
organic polymers, experimentally and theoretically [16].
Polythiophene by itself is generally insoluble in common organic solvents. It decomposes
before melting which restricts its use in practical applications. The real interest in this class of
CPs was sparked with the discovery that 3 -substitution of the thiophene ring yielded a wide
variety of practically versatile CPs. The substituted polythiophenes such as poly (3-
methylthiophene); poly (3-hexylthiophene) etc. exhibit good solubility in common organic
solvents.
PThs can be synthesized by chemical as well as electrochemical methods. The chemical
method is used for the bulk production while the electrochemical method for the preparation of
very thin and better-ordered films. Chemically synthesized PTs are produced in their undoped
state. They can be doped chemically or electrochemically to give a high conductivity value. By
contrast, electrochemically generated PThs are obtained in the oxidized conducting state.
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1.3.2 Synthesis
1.3.2.1 Chemical Synthesis
Chemically, poly (alkylthiophenes) PATs can be synthesized by two different methods.
1.3.2.1.1 Metal Catalyzed Cross-CouplingRreactions
The first PATs were prepared via a cross-coupling reaction [16, 17]. In this synthesis, a 2,
5 diiodo-3-alkylthiophene is treated with one equivalent ofMg in THF, generating a mixture of
Grignard species. A catalytic amount of Ni (dppp) Cl2 is then added to generate the polymer by a
halo - Grignard coupling reaction. Large quantities of PATs can be prepared by this method. The
polymers prepared by this method contain only 2,5 linkages, with random regiospecificity. The
homopolymers of 3-alkylthiophenes where the alkyl groups are greater than or equal to butyl are
soluble in common organic solvents such as chloroform, THF, xylene, toluene, methylene
chloride, anisole, nitrobenzene etc. By casting from any of these solvents thin films can be
obtained. PATs can also be synthesized from 2, 5 diiodo-3-alkylthiophene and zerovalent nickel
catalysts.
1.3.2.1.2 FeCLMethod for Polymerization ofPATs
This is a very simple method for preparation of PATs and was first reported by Yoshino
and Sugimoto [18, 19].The monomer is dissolved in chloroform and oxidatively polymerized
with FeCL, M0CI5, or RuCl3. Generally, the 'FeCL
Method' has been used to prepare PATs.
This method does seem to generate 2, 4 coupling in PATs. The FeCl3 initiates an oxidation of the
alkylthiophenes to produce radical centers predominantly at the 2 and 5 position of the thiophene
that propagate to form the polymer. The monomer in dry chloroform is treated dropwise with
FeCl3 in chloroform. The mixture is then stirred for about 24 hours under a gentle argon stream
(to help remove the generated HC1 gas). The polymer is then precipitated with methanol and
filtered. PATs synthesized with FeCl3 are more crystalline and regular than electrochemically
prepared polymers. One of the major problems with this method is that it gives variable results
with regards to molecular weight, crystallinity and conductivity. However, in spite of certain
limitations and drawbacks the 'FeCl3
Method'
continues to be the most widely used and
straightforward method to prepare PATs.
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1.3.2.2 Electrochemical Synthesis
A standard electrochemical synthesis method is used, viz. Monomer + dopant solution in
organic electrolyte in a 3-electrode mode [20]. The common doping electrolytes used are
Tetralkylammoniumtetrafluoroborate. The solvent media include acetonitrile (CH3CN),
benzonitrile (C7H5N), tetrahydrofuran and dichloromethane (CH2C12). The electrodes used are
Pt, Au as working electrode, saturated calomel electrode (SCE) as reference electrode and Pt, Ni
or C as auxiliary electrode. A potentiostatic polymerization at +1.6 V vs. SCE is adequate. If the
voltage exceeds 1.7 V, the polymer is over oxidized while below 1.5 V it is not sufficiently
oxidized. The solvent, monomer, and supporting salt are generally purified by distillation or
recrystallization just prior to the electrolysis. The water content of the electrolytic medium is
about
10"" M/liter. The solutions are degassed prior to the electrolysis by argon bubbling. The
films can be grafted on the electrode with either controlled potential or controlled current. The
structure and electrical properties of the polymer do not depend on the electrochemical
conditions the growth rate is too fast (several thousands of angstroms per minute) leading to a
less homogenous and irregular films.
The oxidation or doping of the polymer (accompanied by color change from red to deep
blue) takes place by transfer of an electron from the polymer to the electrode. This produces a
hole in the polymer, which migrates by hopping mechanism to the film/electrolytic medium. An
anion/hole pair can diffuse back into the polymer, maintaining electroneutrality. This
phenomenon repeats itself until all electroactive sites are oxidized. The reduction or undoping of
the polymer is much more complex. The reduction is generally related to the reorganization
processes of the polymeric chains, accompanied by the expulsion of the anions into the
electrolyte medium.
1.3.3 Properties [20, 21]
1 . PThs are generally insoluble and infusible. However, substituted polythiophenes exhibit
good solubility in common organic solvents like chloroform.
2. They are stable up to 350C in air and up to 900C in inert gas or under vacuum.
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3. They are not attacked in concentrated acidic medium but are attacked slowly in
concentrated basic solutions.
4. Their density, determined by the flotation technique is about 1 .4-1 .6 g/cm3.
5. Doped unsubstituted PTh powder has conductivity between 1-50 S/cm, while poly (3-
methyl thiophene) has slightly higher conductivity. Conductivity can be tailored easily by
varying the dopant, the substituted group etc.
6. PThs appear to be completely amorphous, when observed by x-ray or electron diffraction.
1.3.4 Applications [20, 21]
2. The electrochromic properties of PThs make them good candidates in display devices.
3. The reversible doping - undoping processes of PThs makes them suitable for use as
secondary battery electrodes.
4. PThs can be used for solar energy conversion.
5. PThs are being studied extensively for use in biosensors and chemical sensors.
6. They can be incorporated as homogeneous fillers in composites of common plastics to act
as electromagnetic interference (EMI) shielding materials.
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1.4. CARBONNANOTUBES (CNT)
1.4.1 Introduction
Carbon nanotubes (Fig. 1.6) are fullerene like structures which consist of long, thin
graphene cylinders closed at either end with caps containing pentagonal rings. These are large
macromolecules that are unique for their size, shape, and remarkable physical properties. An
ideal nanotube can be thought of as a hexagonal network of carbon atoms that has been rolled up
to make a seamless cylinder. Just a nanometer across, the cylinder can be tens of microns long,
and each end is "capped" with half of a fullerene molecule. They can behave like metals or
semiconductors, can conduct electricity better than copper, can transmit heat better than
diamond, and they rank among the strongest materials known. These intriguing structures have
sparked much excitement in the recent years. A large amount of research in laboratories all over
the world has been dedicated to the understanding of the physical and chemical properties of
carbon nanotubes.
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Fi^. 1.6: Schematic ofa CNT
(From http://www.personal, rdg.ac. uk/~scsharip/tubes.htm)
1.4.2 History
CNTs were discovered in 1991 by the Japanese electron microscopist Dr. Iijima [23, 24]
of the NEC Laboratory in Tsukuba. He used high-resolution transmission electron microscopy to
observe the material deposited on the cathode during the arc-evaporation synthesis of fullerenes.
He found that the central core of the cathodic deposit contained a variety of closed graphitic
structures including nanoparticles and nanotubes, of a type which had never previously been
observed. A short time later, Ebbesen and Ajayan, from Iijima's lab, showed how nanotubes
could be produced in bulk quantities by varying the arc-evaporation conditions [25, 26].
Although Iijima's first observations were on multi-walled nanotubes, he also observed single-
wall carbon nanotubes two years later in 1993, succeeding the discovery by Donald Bethune and
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colleagues at IBM Almaden in California [27]. In 1996, the Rice group, led by Smalley,
synthesized bundles of aligned single-wall carbon nanotubes for the first time [28].
1.4.3 Types ofCNT [29]
1.4.3.1 Single Walled CNT (SWCNT)
A SWNT can be thought of as a graphene sheet (Fig. 1.7) rolled over to form a seamless
cylinder. The diameter of a SWCNT is 0.7-5 nm. A SWCNT can be as long as several hundred
microns.
Fig. 1. 7: Schematic ofa SWCNT
1.4.3.2Multi Walled CNT (MWCNT)
These nanotubes have thicker walls, consisting of several coaxial graphene cylinders
separated by a spacing that is close to the interlayer distance in graphite (Fig. 1.8).
The outer diameters ofMWCNTs are 2-25nm and the inner hollows are l-8nm.
Fig. 1.8: Schematic ofa MWCNT
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1.4.4 Structure ofCNTs
There are many ways for a sheet of graphite to roll up into a perfect tube (Fig. 1.9). The
tube's electrical conductivity depends on the alignment of the carbon atoms. The different types
are most easily explained in terms of the unit cell of a carbon nanotube - in other words, the
smallest group of atoms that defines its structure. The chiral vector of the nanotube, Ch, is
defined by Ch = nax + ma2, where a} and a2 are unit vectors in the two-dimensional hexagonal
lattice, and n and m are integers. Another important parameter is the chiral angle, which is the
angle between Ch and k\.
Zigzag tubes have carbon bonds that zigzag down their length, which makes them good
conductors of electricity, even better than regular metals. Zigzag nanotubes are formed when
either n or m values are zero and the chiral angle is 0. Armchair tubes have carbon bonds that
are perpendicular to the length of the tube. They behave like semiconductors, which either
conduct or don't conduct electricity based on the surrounding environment. These nanotubes are
formed when n m and the chiral angle is 30.All other tubes, with chiral angles intermediate
between 0 and 30, are known as chiral nanotubes.
Armchair
Zigzag
^m^MM^^kk
Chiral
w
\cgr
Fig. 1.9: Schematic oftypes ofCNTs
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1.4.5 Synthesis
The CNTs can be synthesized by the following methods:
1.4.5.1 Arc Discharge Techniques
This is one of the foremost methods for the synthesis of CNTs [30]. In this method, two
graphite electrodes are placed about a millimeter apart (Fig. 1.10). Typical electrode temperature
is around 3000-4000 K. An arc is generated across the electrodes by a large DC current of 50-
300 A (10-30 V) in a He atmosphere at pressures of 50-760 Torr. After discharging for an hour, a
deposited carbon rod builds up at the end of the cathode. The cross-section of the rod consists of
three regions- a gray core, a black ring and an outer gray shell. The black ring is the part with the
carbon nanotubes formed in a bundle called the 'buckybundle'. The gray regions are amorphous
carbon. This method is an unclean process and also difficult to handle because of the soot which
can be easily airborne. Efficient cooling is required for obtaining homogeneous deposition of
CNTs. SWNTs can be produced by doping graphite electrodes with transition elements like Fe,
Co, or Cu.
? Helium Atmosphere
(400 mbar)
* Graphite Anode
> Deposit
? Graphite Cathode
To Pumps
To Pumps
Fig. 1.10: Arc Discharge Technique
(From http://boiling.seas. ucla. edu)
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1.4.5.2 Laser Ablation Method
In this method a scanning laser beam, 300 mJ/pulse at 532nm is focused to a 6-7 mm
diameter onto a metal graphite composite target [31] (Fig. 1.1 1). The laser beam scans across the
target surface to maintain a smooth uniform face for vaporization. The target is supported by
graphite poles in a 1-inch quartz tube evacuated to 10 mtorr and then filled with 500 torr Ar gas
flowing at 50 seem. The tube is maintained at 1200C. The soot produced is swept by flowing Ar
gas from the high temperature zone, and deposited onto a water-cooled copper collector
positioned downstream, just outside the furnace. The growth of nanotubes in this method
proceeds by the condensation of pure carbon vapor. The nanotubes produced have a single wall
and very narrow distribution of diameters. This method produces SWNTs with good purity.
Mrnace at i ,?0C Celsius
^'ater-corjied
-argon gas
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Fig. 1. 11: Laser Ablation Method
(From http://www. ee.Virginia.edu/~cmf6p/research_docsZnanotubes.pdf)
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1.4.5.3 Decomposition ofHydrocarbons.
This method involves the catalytic decomposition of hydrocarbons over a supported
catalyst [32] (Fig. 1 .12). The hydrocarbons such as acetylene or methane are allowed to flow over
a surface which has catalytic metal nanoparticles such as Co, Cu or Fe deposited on it. After
catalytic decomposition of the hydrocarbon, the carbon atoms nucleate and grow on the metal
particles. The temperature needs to be maintained at 600-800C for formation ofMWNTs and to
900-1200CforSWNTs.
gas
inlet
quartz tube
gas outlet
C H in quartz
2 boat
sample
> ?
oven
720''C
Fig. 1. 12: Decomposition ofhydrocarbons
(From http://www.mos.org/est/article/4864/4.html
1.4.6 Properties
The combination of size, structure, and topology endows CNTs with important and unique
properties [29].
1 . CNTs have very high aspect ratios (length to diameter ratio), as
high as 1 00 to 1000.
2. They have large surface area of around 1000 m /g.
3. CNT can be either metallic or semi conducting depending on their helicity and diameter.
4. They have very high temperature stability (up to 800 C in air).
5. Chemical stability ofCNTs is excellent.
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6. CNTs are diamagnetic and show a pronounced anisotropy of susceptibility.
7. They have non linear optical properties which depend strongly on the diameter and
symmetry of the tubes.
8. The mechanical strength and rigidity of CNTs is exceptional compared to that of any
known material. The Young's modulus of SWNT is ~1 TPa [33] while that ofMWNT is
-1.28 TPa [34]. A maximum tensile strength of -30 GPa [35] has been reported for
CNTs.
9. CNTs have excellent electrical properties. Resistivity value is ~ 10 Q-cm [35].
10. Thermal conductivity ofCNTs is ~ 2000 W/m/K [36].
1.4. 7 PotentialApplications
1. AFM, STM, CFM probe tips [37].
2. Electrodes for rechargeable batteries [38].
3. Charge storage devices [39]
4. Chemical and bio sensors [40].
5. Actuators and artificial muscles [41].
6. Hydrogen storage devices [42].
7. Supercapacitors [42, 43, 44].
8. Molecular electronics and nanomachines.
9. Aerospace applications.
10. Large-Area Field Emission Displays
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1.5. CHEMICAL GAS SENSORS
1.5.1 Introduction
A sensor is a device that responds to a stimulus by producing a signal that is usually
electrical. The stimulus can be thermal energy, electromagnetic energy, acoustic energy,
pressure, magnetism, or motion. A chemical sensor is a device that converts a chemical property
of a specific analyte into a measurable signal, whose magnitude is proportional to the
concentration of the analyte. The ability to monitor and detect chemical gases is important for
many applications. Chemical sensors are used in environmental monitoring to detect the
presence and concentration of toxic or otherwise dangerous gases coming from spills and leaks,
Another broad application area is in quality control and industrial monitoring in food processing,
beverage and perfume products. The monitoring and determination of the constituents of a
sample gas involves collecting samples and analyzing them in a gas chromatograph-mass
spectrometer (GC-MS) of significant size and cost. Although GC-MS systems work well, many
applications need sensor systems that are smaller, more portable, cheaper or even disposable.
Gas sensors have been manufactured as a commercial product for more than three decades in
many applications. Recent advances in micro-technology and micro-machining techniques have
led to integration of a gas sensor system (including gas-sensitive thin film, micro heater,
electrodes and wires) onto a single silicon chip. The major difficulty in gas identification is the
fabrication of sensors with high sensitivity and very good selectivity for analyte to be detected.
Another problem associated with the current gas sensors is that they operate at high temperatures
for good sensitivity and selectivity. In its simplest form a sensor consists of a planar inter-digital
electrodes covered with the sensing material (Fig. 1.14). The analyte molecules interact with this
layer and produce a physical change (e.g. resistance). The change in the sensitive layer is
detected by the transducer and converted into an electrical output signal (Fig. 1.1 3).
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Sensing Material Sensing Transducer
Analvte Molecules Output
Fig. 1.13: Basic components ofa chemical sensor. After Gardner andBartlett (1999)
Microsensors, MEMS and Smart Devices by J. W Gardner et al, John Wiley and Sons
CP/CNT
Interdigitated
Electrodes
Sensor Leads
Fig. 1.14: Schematic ofa chemical gas sensor
1.5.2 CPs in Chemical Gas Sensors
The CPs are being researched extensively for their use in chemical sensors. The principle
sensing mechanism is based on the redox interaction of the CP with the analyte molecules which
causes changes in the doping level, carrier density and mobility, leading to changes in the
electrical conductivity [45]. Adsorption and desorption of analyte molecules on the surfaces
cause reversible changes in the dc resistance or capacitance of the CPs. The change in the
electrical properties depends on the affinity of the polymer for the chemical and concentration of
the chemical. The sensors using CPs can operate at room temperatures while those using
conventional semiconductors as sensing material that operate at very high temperature for good
selectivity. The CPs such as polypyrrole currently applied in chemical detection are mainly
selective for highly polar molecules. The recognition of molecules of low polarity like
chlorinated hydrocarbons is very poor.
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L5.3 CNTs in Chemical Gas Sensors
One of the most important applications ofCNTs is believed to be in the field of chemical
gas sensors [39]. CNTs have a very high surface area (1000 m2/g) and a central hollow core with
outside walls. This makes them ideal candidates as sensing materials. Dai and coworkers have
already demonstrated that CNTs can operate as gas sensors [46]. The ability of the nanotubes to
detect chemical vapors and determine their concentration is based on the change in electrical
properties due to adsorption of the gas molecules on the surface. A charge transfer takes place
between the CNTs and the gas molecules leading to the change in the conductivity of the
nanotubes. The nanotube sensors are relatively easy to make. The sensors using CNTs can
operate at room temperatures while those using conventional semiconducting metal oxides as
sensing material operate at very high temperature (up to 600C) for good selectivity. The slow
response time ofCNT based sensors is a major drawback.
1.6Aim and Scope ofthe Thesis
Based on the above discussion obviously several different materials are useful in
developing the chemical sensors. Taguchi type gas sensors operate on the principle of adsorption
of chemical species on the surface of the sensing material thereby resulting in change in its
resistance. These sensors are attractive for several applications with a limitation that they operate
well only at higher temperatures (> 100 C) and fail at ambient temperatures. This led to the
studies using organic CPs or CNTs for developing variety of sensors. Several improved ones
have been developed using these materials. However, these sensors lack in sensitivity and
selectivity. A review of the literature shows sensors for the detection of ammonia gas, hydrogen,
carbon dioxide, carbon monoxide etc. have been developed with the materials discussed in the
earlier sections.
A major challenging problem is to discover a molecular sensor for organic molecules
with good selectivity and sensitivity, with a rationale. A few studies related to the development
of chlorinated hydrocarbons have been reported in the literature [47, 48]. These studies revealed
that conducting polymers failed to show any significant activity and consequently a mixture of
25
CPs or CPs carrying catalysts have been employed for constructing the sensors [48, 49]. While
the results focus on the analysis of a single analyte such as CHC13, it is not obvious that it would
work for other hydrocarbons as the mechanism and selectivity of its action has not been
elucidated. In another report, a preliminary study of acetone sensing by a CP on a CNT matrix
has been reported [50] which showed enhanced transducer action in this composite state. This
study revealed that the conduction is enhanced by the CNTs. This sensor has been demonstrated
to be specific to acetone with its high selectivity among ketones and thereby making it amenable
for selective sensing. Here again the basis for the selectivity has not been explored. Hence the
present study has been undertaken to develop composites with CPs and CNTs to specifically
address the question of selectivity related to detection of organic molecules. Such a study is
expected to provide the pathway for the synthesis ofnanocomposites required for smart sensors.
This thesis is directed towards developing halogenated hydrocarbon sensors with
nanocomposites for understanding the selectivity mechanism. It reports the synthesis of novel
nanocomposites ofpoly (3-methyl thiophenes) with functionalized multiwalled carbon nanotubes
and its activity towards halogenated hydrocarbons. For comparison blended composites and
other polythiophene composites have been synthesiszed. The nanocomposite provides larger
surface area than the pure CPs and improves the rapid charge transport. The sensitivity is
enhanced by the use of the composites. The results are discussed using several different models.
The selectivity in the halogenated hydrocarbons has been rationalized by the formation of a non-
rigid charge transfer complex between the nanocomposite and the analyte. The relative location
of the vacant energy level of the composite and the analyte has been shown to be crucial for the
formation of this charge transfer complex in the gaseous state. The analyte is required to be in
the gaseous state for this complex formation which is governed by its vapor pressure.
The nanocomposites studied here have been synthesized with: a) poly (3-
methylthiophene) b) poly (3-hexylthiophene) and c) poly (3-octylthiophene). They have been
characterized using FTIR, TGA, cyclic voltammetry, UV-VIS spectroscopy and SEM. The
sensors were fabricated using a) Gold metal strips on Si substrate and b) Pd metal strips on
polymer substrate. The sensitivity and selectivity tests are done using a 200 ml glass container,
which has been fitted with a Teflon stopper having suitable arrangement for the electrical
26
leads, injection of chemical vapors and flushing the container with He gas. He gas was chosen
because of its inert nature. Any other inert gas could also be used for flushing.
The thesis is divided into four chapters. The first chapter is the introduction to review the
developments. The second chapter gives the experimental details. This is followed by the
experimental results. The fourth chapter discusses the relative merits of the composites. It also
provides possible models that could be operating in these sensor materials for a possible rationale
in the analyte detection.
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CHAPTER II
EXPERIMENTAL
2.1 CHEMICALS
Table 2. 1 Chemicals used
Chemical Company Assay
(%)
Molecular Wt
(g/mol)
3-methylthiophene Aldrich Chemical Company 98 98.17
3-hexylthiophene Aldrich Chemical Company 99 168.3
3-octylthiophene Aldrich Chemical Company 97 196.4
Multi walled CNT Deal International Inc. N/A N/A
Ferric chloride Fisher Chemical 99.99 162.2
Chloroform Fisher Chemical 99.9 119.4
Methylene chloride J.T Baker 99.8 84.9
Carbon tetrachloride Aldrich Chemical Company 99.95 153.8
Acetonitrile Fisher Chemical 99.9 41.05
Polyethylene oxide Polysciences Inc. N/A 900,000
2.2 SYNTHESIS OF POLY (3-ALKYLTH1QPHENES)(PATs)
The 'FeCl3
Method' first reported by Yoshino and Sugimoto [18, 19] was used for the
synthesis of the poly (3-alkylthiophenes). 980 pi of the monomer
was first dissolved in 10ml
chloroform and oxidatively polymerized with 0.1 6g of FeCl3. The FeCl3 initiates an oxidation of
the 3-alkylthiophenes to produce radical centers predominantly at the 2 and 5 position of the
thiophene that propagate to form the polymer. The monomer in dry chloroform was treated drop
wise with FeCl3 in chloroform. The mixture was then stirred for around 24 hours. The polymer
was then precipitated with methanol and filtered. The resulting polymer was
then dried at around
100C for 4-5 hours. The yield was around 70-80%.
Poly (3-methylthiophene) was obtained as a black/brown powder; poly (3-hexylthiophene)
was a
black, slightly rubbery mass while poly (3-octylthiophene) was a
black rubbery mass.
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2.3 FUNCTIONAL1ZA TIONOFMULTIWALLED CARBONNANOTUBES
Funtionalization involves attaching a functional group to the CNT. The nanotubes were
funtionalized in order to facilitate the attachment of the polymer to the nanotubes. CNTs were
refluxed with nitric acid for about 24 hours. The resulting sample was refluxed in 50ml of
distilled water for 6 hours. The CNTs were taken out by filtration and dried at 100C for 24
hours.
2.4 SYNTHESIS OFNANOCOMPOSITE OFMWCNTAND PATs
The nanocomposites were synthesized by in-situ polymerization of 3-alkylthiophenes in
presence of functionalized MWCNT as well as non functionalized MWCNT. Nanocomposites
with nonfunctionalized MWCNT were prepared by adding 30mg of nanotubes to 3-
methylthiophene during synthesis. Nanocomposites with functionalized MWCNT were
synthesized using different amounts of nanotubes viz. 15 mg, 30 mg, 45 mg. 980 pi of the
monomer was added to 10 ml of chloroform in a test tube. Weighed amount ofMWCNT were
added to 0.16 g of FeCl3 in 10 ml chloroform in another test tube. The two solutions were
warmed for around 15 minutes. The solutions were mixed and stirred for 24 hours. The resulting
solution was washed with methanol to remove the excess FeCl3. The composite was then dried in
an oven at 100C.A 1:1 blend of the polymer and functionalized MWCNT was also prepared
simply by physically mixing equal amounts of the two components.
The probable reaction is as shown in Fig. 2.1
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FeCl,
CHC1,
3-alkylthiophene MWCNT
Nanocomposite
F/g. 2.1: Reaction between the PAT andMWCNT toform the nanocomposite
2.5 CHARACTERIZATION TECHNIQUES
2.5.1 Fourier Transform Infrared Spectroscopy (FTIR)
IR spectroscopy is an invaluable tool in organic structure determination and verification. It
is widely used for the characterization of polymers. This technique was used to verify the
structure of the synthesized polymers. The functionalization of the nanotubes was indicated by
the presence of carboxylic acids peaks in the spectra of the functionalized MWCNTs. FTIR
spectra were also used to determine the bonding between the polymer and the nanotubes in the
composite. The difference of bonding between the physical blend of the polymer and MWCNTs
and the nanocomposite was also elucidated by using this technique.
A Bio-Rad Excalibur Series FTS 3000 instrument was used to analyze the various samples using
a diffuse reflectance cell. The spectra were obtained from 4000-400 and 64 scans were
obtained for each sample. The resolution was set at 4 .
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2.5.2 Thermogravimetric Analysis (TGA)
TGA measures the weight change of a sample with temperature and provides information
about the composition analysis and thermal stability of the sample. This technique was used to
determine the oxidation temperature of the polymers and MWCNTs. The amount ofnanotubes in
the nanocomposite was determined from the TGA thermograms. The purity of the samples was
also determined by this technique. The difference in oxidation behavior of the nanotubes in the
nanocomposite and physical blend was determined using TGA.
A TA Instruments 2050 was used to carry out the TGA analysis. Most of the samples weighed
around 5-10mg and were heated at 10C/min in air up to 1000C.
2.5.3 UV-Visible Spectroscopy
A UV-visible spectrophotometer measures absorbance or transmittance from the UV range
to the visible wavelength range (160-780nm). This technique finds widespread application in
identification of a variety of organic species especially polymers. It was used to determine the
absorption wavelength of the different polymer solutions in chloroform and compare them with
the literature values. UV-Vis spectroscopy was also employed to see the difference between
absorption of the polymers and the nanocomposites. The solvent used was chloroform and the
concentration of the solutions was around lmg/ml. A Shimadzu 250 IPC UV-Vis
Spectrophotometer was used. The slit width was 1mm and the wavelength was 190-800nm.
10 mm wide quartz cuvettes were used as cells.
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2.5.4 Cyclic Voltammetry (CV)
CV is an electroanalytical method in which the current response of a small stationary
electrode in an unstirred solution is excited by a triangular potential wave form. The current is
measured as a function of potential. CV is used to study fundamental oxidation and reduction
processes in various media, adsorption processes on surfaces, electron transfer mechanisms of
chemically modified electrodes and for determining charge storage capacity of potential battery
electrode materials. The electroanalytical cell consisted of three electrodes, immersed in solution
containing an analyte. The working electrode was made of the nanocomposite, a saturated
calomel electrode was used as the reference electrode and a graphite electrode was used as the
counter electrode. A micropipette tip was filled with the nanocomposite and used as the working
electrode. The exposed area of the working electrode was around
0.2mm" The analyte solutions
used were 1M NaOH and 1M H2S04. The sweep rates used were 6.67, 13.33 and 20 mV/s. The
capacitance of the nanocomposite electrode was determined using this technique. A Princeton
Applied Research -Electromechanical Trace Analyzer (Model 394) was used for the experiments
Details of the calculations are provided in the following chapter.
2.6 Fabrication ofSensor
The nanocomposite was mixed with polyethylene oxide (PEO) in a 7:3 ratio. A couple of
drops of acetonitrile were added to the mixture to form a paste. This approach was followed in
order to cast films of the nanocomposite between the metal electrodes of the sensor. PEO was
selected as the dispersing polymer because of its good film forming properties. It has a variety of
solvents and because it is amorphous it allows diffusion of vapors without reacting with them.
The paste was then applied between the two metal electrodes. Copper wires were soldered on the
metal electrodes to act as sensor leads. The leads of the sensor were then connected to a digital
multimeter. The exposed area of the sensing material was around
0.8mm2 Eight different
materials viz. functionalized MWCNT, non functionalized MWCNT, poly(3-methylthiophene), 3
different compositions of nanocomposite with functionalized MWCNT, nanocomposite with
non functionalized MWCNT and 1:1 blend of functionalized
MWCNT and poly(3-
methylthiophene) were examined. A schematic of the fabricated
sensor is shown in Fig. 2.2
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Exposed Area of sensing material
Sensor leads
Fig. 2.2: Schematic ofsensor
2. 7 Sensor Testing Procedure
The sensor was placed in a glass jar and its leads were connected to a digital
multimeter (Fig.2.3). The chemicals (CH2C12, CHC13 and CCL) were injected in liquid form
into the jar. As the chemical vapors come in contact with the sensing area of the
nanocomposite, its resistance changes, which is detected by the multimeter. Once the
resistance reached a maximum stable value the glass jar was flushed with helium gas. The
response time was measured using a stop watch. The rise time of a sensor is the time it takes
to reach a maximum stable resistance from its initial low resistance after exposure to
chemical vapors. The fall time is the time it takes to fall from its maximum resistance to its
initial resistance, when it is flushed with air or any other inert gas. All measurements were
carried out at room temperature.
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MULTIMETER
Glass Jar
Sensor
Fig. 2.3: Schematicfor sensor testing
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CHAPTER III
RESULTSAND DISCUSSIONS
3.1 INFRARED SPECTROSCOPY
This technique was used to establish the structure of the synthesized polymers. Fig 3.1
shows the IR spectrum for different poly (3-alkylthiophenes). The spectral features obtained
agree very well with those mentioned in literature.
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Fig. 3.1 FTIR spectrumfor thepoly (3-alkylthiophenes) synthesized
The spectra show absorptions peaks at 2945, 2844, 1511, 1454, 1437, 1374, 1321, 1107,
1025, 817, 750 and 615 cm"1. The strongest absorption peak appears at 817 cm"1which is
characteristic of C-H out of plane vibration of the 3-substituted thiophene ring indicative of a
straight poly (3-alkylthiophene) structure with a negligible degree of cross linking. The strong
absorption at 615 cm"1is due to C-S stretch, while the peak at 1454
cm"'is due to the
asymmetrical stretch of the -CH3 group attached to the polymer chain. The peak at 1511 is
characteristic of the C=C stretch while that at 750
cm"1is characteristic of the C-H out of plane
bending. According to Furukawa [51] the infrared-active vibrations (IRAVs) associated with
polarons are observed at 1321 and 1 107 cm'1, while the IRAVs associated with bipolarons have
been observed at 1454, 1374, 1290, 1201, 11 16, and 1025 cm"1.
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Figs. 3.2 a & b show the IR spectrum for nonfunctionalized and functionalized MWCNT
respectively.
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Fig. 3.2b: FTIR spectrumforfunctionalizedMWCNT
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The functionalized nanotubes show a broad peak at 1700-1820 cm""1.This is attributed to the C=0
functionalization of the multiwalled CNTs. This peak is absent in the non functionalized CNT
(fig 3.2 a).
Fig 3.3 shows the comparison of FTIR spectra for the poly (3-methylthiophene), functionalized
MWCNT and nanocomposite using functionalized MWCNT
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Fig. 3.3: Comparison ofFTIR spectrafor thepoly (3-MT), functionalizedMWCNT and
nanocomposite usingfunctionalizedMWCNT
The above spectra illustrate several clear differences between the peaks for the
nanocomposite and those for the individual components of the nanocomposite. The peaks at 615
and 817 cm-1are due to poly (3-MT) while that at 2106
cm"1is due to the functionalized
MWCNT. However, the broad peak at 1098 is unique to the nanocomposite. The peak at 1098
cm"1
can be attributable to the C=S stretching. The presence of this unique peak suggests a
possible bonding between the nanotubes and the polymer. The F] -bonded surface of the
nanotubes could be interacting strongly with the conjugated structure ofpoly (3-MT).
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Fig 3.4 shows the spectra of the nanocomposite using poly (3-MT), before being exposed to
chloroform vapors and after exposure to chloroform vapors for a period of 5 minutes.
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Fig. 3.4 Comparison of the FTIR spectra ofthe nanocomposite before and after exposure to
chloroform vapors.
The spectra of the nanocomposite before and after exposure to chloroform are different.
The spectrum after exposure to chloroform for about 5 minutes clearly shows the appearance of a
strong peak at 720 cm"1. This peak is characteristic ofC-Cl stretching. The presence of this peak
strongly suggests that the chloroform molecules get adsorbed on the nanocomposite. The
chloroform molecules probably attack the active sites on the nanocomposite forming a loose ion
pair. When the nanocomposite is flushed with helium gas, the chloroform molecules get
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desorbed and the peak at 720 cm ' disappears. The spectrum of the nanocomposite after flushing
is similar to its spectrum before adsorption.
Fig 3.5 shows the comparison of spectra for the nanocomposite and a blend of the polymer and
nanotubes formed by physical mixing.
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Fig. 3.5: Comparison ofspectrafor the nanocomposite and a blend ofthepolymer andMWCNT
The blend shows peaks characteristic of poly (3-MT) viz. 817 and 1027
cm"1
.The peaks
around 2100 and 2400 cm"1are due to the presence ofCNT in the blend. These peaks are present
in the nanocomposite also. However, the nanocomposite exhibits a unique peak at 1098 cm"1
which may be suggestive of some kind of possible bonding between the polymer and the
nanotubes which is absent in the blend.
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3.2 THERMOGRA VJMFTRICANALYSIS (TGA)
This technique was used to determine the phase transition of the polymers and MWCNTs.
The amount of nanotubes in the nanocomposite was determined from the TGA thermograms.
The purity of the samples was also determined by this technique. The difference in the phase
transition behavior of the nanotubes in the nanocomposite and physical blend was determined by
using TGA.
Fig 3.6 shows the thermograms for the different poly (3-alkylthiophenes) synthesized.
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Fig 3.6: TGA datafor the synthesizedpolymers
All the polymers show similar thermal characteristics and exhibit good thermal stability up
to 265C. The decomposition temperature for poly (3-MT) is observed around 530C, for poly
(3-HT) around 570C, while for poly (3-OT) it is approximately 540C. The maximum weight
loss takes place at 357, 485 and 420C respectively for poly (3-MT) poly (3-HT) and poly (3-
OT).
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Figs. 3.7 a, b, c show the comparison of thermograms for the virgin polymers, functionalized
MWCNT and the nanocomposites ofMWCNTs with different polymers.
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Fig. 3. 7a: TGA datafor nanocomposite ofpoly (3-MT) andMWCNT
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Fig. 3. 7b: TGA datafor nanocomposite ofpoly (3-HT) andMWCNT
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Fig. 3. 7c: TGA datafor nanocomposite ofpoly (3-OT) andMWCNT
The pure MWCNTs shows complete oxidation at around 800C, while in the
nanocomposite it occurs at relatively lower temperatures. Also, the polymers in the
nanocomposites oxidize at temperatures different than the virgin polymers. The table below
shows the oxidation temperature of the polymers and nanotubes in the nanocomposites.
Table 3.1: Oxidation temperatures of thepolymers andMWCNT in the nanocomposite
MWCNT/Poly(3-MT) MWCNT/Poly(3-HT) MWCNT/Poly(3-OT)
Polymer 450C 480C 500C
MWCNT 760C 750C 760C
The amount ofMWCNT in the nanocomposites was determined to be around 40-45% for
all cases.
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Fig. 3.8 shows a comparison of the thermograms for the nanocomposites prepared using
poly (3-MT) and different weight percentages ofMWCNT.
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Fig. 3.8: TGA datafor nanocomposites ofpoly(3-MT) and different weightpercentages of
MWCNT
The table below shows the percentage ofMWCNT in the different nanocomposites.
Table 3.2: Percentage ofMWCNT in the nanocomposites
Amount ofMWCNT added
during synthesis (mg)
15 30 45
% MWCNT in nanocomposite 25 40 55
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Fig. 3.9 shows the thermograms for the nanocomposite ofpoly (3-MT) with functionalized and
non functionalizedMWCNT and the blend.
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Fig. 3.9: TGA datafor the nanocomposite ofpoly (3-MT) with functionalized
and nonfunctionalizedMWCNT and the blend.
All the materials show different thermal behaviors. The nanotubes and the polymer in the
blend melt at exactly the same temperature as they do individually. This suggests that there is no
interaction between the polymer and the nanotubes in the blend which is prepared by physically
mixing the two components. The polymer as well as the nanotubes in the nanocomposites
oxidize below their original oxidation temperatures. This suggests that the nanotubes interact
strongly with the polymer in the nanocomposite. The percentage of nanotubes in the
nanocomposite with non functionalized MWCNT is around 55% while that in the nanocomposite
with functionalized MWCNT is around 40%. Also, the functionalized nanotubes oxidize at
temperature slightly higher than the non-functionalized ones.
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3.3 UV-VISIBLE SPECTROSCOPY
This technique was used to examine the differences between the optical properties of the
nanocomposites and the polymers. Solutions of the samples were used for the study. The solvent
used was chloroform and the concentration of the solutions was lmg/ml. Figs. 3.10, 3.11 and
3.12 show the absorption spectrum for the different polymers and their nanocomposites with
functionalizedMWCNT.
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Fig. 3.10: Absorption spectrumfor poly(3-MT) and the its nanocomposite withfMWCNT
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Fig. 3.12: Absorption spectrumforpoly (3-MT) and the its nanocomposite withfMWCNT
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The table below lists the wavelength ofmaximum absorption for the different samples.
Table 3.3: Maximum absorption wavelengthsfor different samples
Sample Wavelength for max. absorption (nm)
Poly(3-MT) 409
Poly(3-MT)/MWCNT nanocomposite 406
Poly(3-HT) 439
Poly(3-HT)/MWCNT nanocomposite 436
Poly(3-OT) 398
Poly(3-OT)/MWCNT nanocomposite 391
The absorption spectra obtained for the polymers agree more or less with that reported in
the literature. The spectra consist of a single broad absorption which is due to the transition from
fl to f[* states in the polyconjugated backbone. No absorption was observed in the 600-800nm
region, which is indicative of bipolaron character. This indicates a high purity of the polymers
[52]. The absorption spectrum of poly (3-alkylthiophenes) in solid state is located at around 493-
498 nm and does not depend much on the size of the alkyl substituent. Poly (3-alkylthiophenes)
are solvatochromatic i.e. when dissolved in a solvent, a hypsochromic (blue) shift of around 50-
60 nm is observed [53]. The absorption spectrum for the nanocomposites is similar to that of the
polymers, with a slight blue shift. With poly (3-MT) nanocomposite, the absorption tail extends
to longer wavelengths (see Fig. 3.10).
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3.4 CYCLIC VOLTAMMETRY (CV)
Cyclic volammetry was carried out to determine the electrochemical properties of the
nanocomposite electrode. The experiments were carried out using the nanocomposite of poly
(3-
MT) and functionalized MWCNT. A micropipette tip was filled with the nanocomposite and
used as the working electrode. The exposed area of the electrode was around 0.2mm . The
electrode was attached to the tip of a copper wire. The tip of the nanocomposite electrode was
left as free end for immersing in the electrolyte solution.
Figs. 3.13 and 3.14 show the CV curve for the nanocomposite electrode [poly(3-MT)/MWCNT]
in 1M NaOH and 1M H2SO4 respectively, at three different sweep rates.
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Fig. 3.13: Cyclic Voltammogram ofnanocomposite ofpoly (3-MT)/MWCNT in lMNaOH
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Fig. 3.14: Cyclic Voltammogram ofnanocomposite ofpoly (3-MT)/MWCNT in IMH2SO4
The potential limit of the nanocomposite electrode was determined to be from -105 mV to
+500 mV in 1M NaOH and from -75 mV to +750 mV in 1M H2S04 . The reports in the literature
[54] have shown that the capacitance is dependent on the time scale of the charging step, due to
the existence of
'slow'
and
'fast'
processes. This effect was observed when fast and slow scan
rates were used during cyclic voltammetry. From the above voltagrammograms a graph of
current vs. sweep rate was plotted for a constant potential (Fig. 3.15 c). It was observed that this
current increases linearly with the sweep rate. The slope of this plot was used in the calculation
of capacitance of the nanocomposite electrode. The following relationship was used in the
calculation of capacitance:
Ic =A*Cd*v (3.1)
Where, i = current (A)
A = area ofnanocomposite electrode
Cd = capacitance
v = sweep rate
49
Figs. 3.15 a and b show the enlarged views of the regions of Figs. 3.13 and 3.14 which were used
for capacitance calculations. Beyond these regions, decay ofFaradic current takes place.
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Using equation 3.1 the capacitance of the nanocomposite was calculated to be
10"3 F/mm2.
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3.5 SENSOR TESTING
The sensors were fabricated using different nanocomposite materials and were tested for
their sensitivity, response time and selectivity. Table 3.4 lists the resistance of the different
materials used in sensors. The nanocomposite in this section refers to the composite ofMWCNT
and poly (3-MT).
Table 3.4: Sensing materials used in the sensor
Material Initial Resistance
Functionalized CNT son
Non functionalized CNT 50Q
Non functionalized CNT Nanocomposite 10KD
Functionalized CNT Nanocomposite (15mg) 50KQ
Functionalized CNT Nanocomposite (30mg) 10KD
Functionalized CNT Nanocomposite (45mg) 10KD
1:1 blend 400Q
Poly( 3-methylthiophene) 10MQ
The chemicals used for the sensor testing were:
1. Chlorinated Hydrocarbons (methylene chloride; chloroform; carbon tetrachloride)
2. Alcohols (methanol; ethanol)
3. Aldehydes (acetaldehyde; bezaldehyde)
4. Ketones (Acetone)
5. Methane
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3.5.1 SENSITIVITYOF SENSOR
The sensitivity of a sensor can be defined by the following relation:
Sensitivity = Rf-Rj = AR
Ri R
Where, Rj = Resistance of sensor before exposure to chemical vapors
Rf= Resistance of sensor after exposure to chemical vapors
(3.2)
The plots of delta R/R (response) plotted vs. volume of vapor injected were plotted for all
the sensing materials. Figs. 3.16 a-e show the response of the different materials to the different
chlorinated hydrocarbons. The response towards the other chemicals was negligible, and hence
has not been included.
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Response of nanocomposite with 30mg CNT
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The plots for all the materials show that the response is linear i.e. the response of the
sensor increases as the volume of chemical vapor injected increases. This property is essential
for any sensor. The sensitivity of the materials towards different vapors was determined from the
slope of the above graphs. The following table lists the sensitivity values of the sensing
materials.
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Table 3.5: Sensitivity values
SensingMaterial CH2C12
X10"3
CHCI3
X103
CC14
X10"3
Functionalized CNT 8.60 6.50 2.20
Non functionalized CNT 4.60 4.00 0.80
Non functionalized CNT Nanocomposite 0.40 5.40 2.40
Functionalized CNT Nanocomposite (15mg) 9.10 10.9 3.60
Functionalized CNT Nanocomposite (30mg) 11.90 19.0 3.60
Functionalized CNT Nanocomposite (45mg) 6.30 12.8 2.50
Blend 5.20 6.8 1.70
For all the sensing materials tested, the sensitivity is highest for chloroform and lowest for
carbon tetrachloride. The sensitivity of the functionalized nanotubes is nearly twice that of the
nonfunctionalized ones, indicating that functionalization enhances the sensitivity of the
nanotubes. The nanocomposite prepared by using functionalized nanotubes is much more
sensitive than that prepared by using non functionalized ones. This suggests that using the
functionalized nanotubes leads to a better interaction with the polymer in the nanocomposite. It
can be clearly seen that the sensitivity towards all chlorinated hydrocarbons especially
chloroform is highest for the nanocomposites using functionalized nanotubes. The
nanocomposite synthesized using 30mg ofCNT showed higher sensitivity than the ones prepared
using 15 and 45mg. Thus, for optimum sensitivity, 30 mg of functionalized nanotubes should be
added during the nanocomposite synthesis. Sensing action in the nanocomposite takes place due
to poly (3-MT) as well as CNTs. Poly (3-MT) has a much high sensitivity than CNTs and hence
addition of more nanotubes would hamper its sensitivity in the nanocomposite. The
nanocomposites are nearly twice as sensitive as the blend of CNT and poly (3-MT). This
strongly suggests that the nanocomposite is not merely a mixture of the two components. The
strong interaction between the nanotubes and the conjugated polymer is probably responsible for
the high sensitivity of the nanocomposite.
The above sensitivity values are represented graphically in Figs. 3.17 a-h.
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3.5.2 RESPONSE TIME
The rise time of a sensor is the time it takes to reach a maximum stable resistance from its
initial low resistance after exposure to chemical vapors. The fall time is the time it takes to fall
from its maximum resistance to its initial resistance, when it is flushed with air or any other inert
gas. The table below shows the response times of the different sensing materials.
Table 3. 6: Response times
Sensing Material CH2C12 CHCI3 CC14
Rise Time
(Sec)
Fall Time
(Sec)
Rise Time
(Sec)
Fall Time
(Sec)
Rise Time
(Sec)
Fall Time
(Sec)
Functionalized CNT 120 30 150 150 150 30
Non functionalized CNT 60 45 90 45 120 120
Non functionalized CNT
Nanocomposite
90 45 120 60 75 60
Functionalized CNT
Nanocomposite ( 1 5mg)
150 90 180 330 150 90
Functionalized CNT
Nanocomposite (30mg)
75 40 120 75 120 40
Functionalized CNT
Nanocomposite (45mg)
60 30 60 45 60 45
Blend 60 30 90 90 120 60
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The nanocomposite prepared using 45mg of functionalized CNT showed the lowest
response times for all chlorinated hydrocarbons, while that prepared using 15mg showed the
highest response times. The above response times are represented graphically in Figs. 3.17 a-h.
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3.5.3 SELECTIVITY
The nanocomposite sensor with functionalized carbon nanotubes is ideal for distinguishing
between any of the halogenated methanes from methane as in a mixture of the two vapors, the
nanocomposite will sense only the halogenated methane. The selectivity for a mixture of
halogenated methanes is shown in Fig. 3.19 a-d. Only the nanocomposite prepared using 30mg
functionalized CNT was used for this test.
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Fig. 3.19c Fig. 3.19d
It can be observed that the sensitivity is highest for pure chloroform. But as the percentage of the
other component (CH2CI2 or CCI4) increases, the sensitivity also decreases.
3.6MODELS TO EXPLAIN THE POSSIBLE SENSINGMECHANISMFOR THE SENSOR
The above results are considered on the basis of the following models.
The analyte molecules first get adsorbed on the surface of the nanocomposite. These
molecules then form a non-rigid charge transfer complex (the two are held together with no
overlap of orbitals) with the nanocomposite at the active sites present on the surface of the latter.
The formation of these non-rigid charge transfer complexes hinders the movement of the free
electrons which are responsible for conduction. Since the mobility of the electrons is restricted,
the resistance of the nanocomposite increases. The increase in resistance could also take place
due to neutralization of the charge in the oxidized state of the conducting polymer. Increase in
resistance is directly proportional to the concentration of the analyte. On flushing the
nanocomposite with an inert gas, this complex is broken and the resistance falls back to its
original value Fig. 3.20 shows the graphical representation of the sensing mechanism of the
nanocomposite.
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The following models try to elucidate the difference in response of the sensor towards different
chlorinated hydrocarbons.
3.6.1 Model 1
The sensor action in this model is based on the molecular interactions between the
nanocomposite and the analyte molecule, which is governed by the
latter'
s vapor pressure. If this
model were to operate in the sensor, the signal strength of the sensor will be controlled by the
vapor pressure of the liquid in the container. Assuming a linear response of the sensor to the
analyte concentration, the relative response of the sensor to the analyte molecules should
increase with increasing vapor pressure. A survey of the vapor pressure of the liquids of
chlorinated hydrocarbons indicates that methylene chloride has a higher vapor pressure than
chloroform or carbon tetrachloride (Table 3.7). A negligible response to carbon tetrachloride and
higher response to chloroform than methylene chloride suggests that this mechanism alone may
not be sufficient to describe the experimental results.
Table 3. 7: Vapor Pressure ofChlorinated Hydrocarbons
Analyte B.P (C)
Vapor Pressure
(mm Hg at 25C)
Methane -161
Methylene Chloride 39.7 350
Chloroform 61 195.4
Carbon tetrachloride 76 100.2
Fig. 3.21 shows the expected and observed responses of functionalized CNT Nanocomposite
(30mg) to chlorinated hydrocarbons
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The number ofmolecules striking the surface or impingement rate can be calculated by:
J = pN/ {2nRT}1/2 (3.3)
Where p is the vapor pressure of the analyte, N is the number of molecules in the volume of
liquid injected, R is Gas constant and T is absolute temperature. Using the densities of CHCI3
and CH2CI2 as 1.50 g/ml and 1.32 g/ml respectively, the J values were calculated as 6.4 x 1017
and 22.4 x IO17. Based on this theory, the sensitivity for CH2CI2 should be higher than CHCI3.
Thus this model alone cannot explain the observed results.
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3.6.2Model 2
Assuming that the analyte transfers an electron to the nanocomposite resulting in the
charge transfer couple being formed, this model considers the ionization potential of the analyte.
Ionization potential is the energy required to remove an electron from an atom or molecule.
Table 3.8 gives the ionization potentials of the chlorinated hydrocarbons.
Table 3.8: Ionization Potentials ofchlorinated hydrocarbons [55]
Analyte IP(eV)
Methane 12.61 0.01
Methylene Chloride 1 1.32+0.01
Chloroform 11.370.02
Carbon tetrachloride 1 1.47+0.01
Assuming a reaction
XA +
NC+ Y"
-
XA+
+ NC +
Y"
(3.3)
Where, XA is the chlorinated hydrocarbons and NC is the nanocomposite. In the above series of
analytes, the ionization potentials are in the range of 11.22 to 12.6 eV. Methylene chloride and
chloroform require approximately the same energy for electron removal while carbon
tetrachloride requires slightly higher energy. This means that methylene chloride and chloroform
can form a charge transfer couple with the nanocomposite much easily than carbon tetrachloride,
thus giving higher sensitivity. The response of the nanocomposite for different ionization
potentials is shown in Fig. 3.22. The proposed interaction in (3.3) appears to be feasible.
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3.6.3 Model 3
This model tries to establish a relationship between electron affinity and sensitivity. It is
based on the ability of the nanocomposite to transfer an electron by the following reaction
scheme:
XA +
NC+Y-
-> XA
+NC+
Y"
(3.4)
Electron affinity can be defined as ability of an atom or molecule to form a negative ion
and is expressed as energy released when electron is attached. Table 3.9 gives the electron
affinity of the data reported in the literature for carbon tetrachloride and chloroform, given as an
upper limit. Data for methylene chloride was not available. Hence a definite correlation based on
electron affinity could not be done. However, the reported data in the table indicates that
chloroform has a lower electron affinity than carbon tetrachloride. So the charge transfer
interaction as shown by equation (3.4) is less likely to produce the observed effect.
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Table 3.9: Electron Affinity ofHalogenatedHydrocarbons [56]
Analyte EA(eV)
Chloroform 0.78
Carbon tetrachloride 1.14
3.6.4Model 4
In this model, the interaction between the analyte and the nanocomposite based on
geometrical factors is considered as important. We assume that there are active sites located at
fixed distances in the nanocomposites. When the analyte molecules interact with the
nanocomposite, they anchor themselves to these active sites. The structural integrity of the
analyte requires the bond angles of the C-H and C-Cl. Table 4 gives the bond angles reported in
the literature for chlorinated hydrocarbons.
Table 3. 1 0: Bond angles in chlorinated hydrocarbons
Analyte Cl-C-H angle
(Degrees)
Cl-C-Cl angle
(Degrees)
Methane 109.5 109.5
Methylene Chloride 109.5 111.8
Chloroform 109.5 109.5
Carbon tetrachloride 109.5 109.5
Consider the geometrical arrangement of atoms in methane. All four bonds are identical.
The H-C-H bond angle is 109.5. For forming four identical bonds between s and p orbitals, it is
necessary to have
sp3hybridized orbitals. The C-H bond length is about 1.1 A0. The geometrical
arrangement of atoms in all the halogenated hydrocarbons is very similar and should be well
poised for similar surface interaction with the nanocomposites. However, with different number
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of chlorine atoms in the molecules, the surface interaction could be a factor. Such interactions
are not of the charge transfer type as discussed earlier.
On the basis of the above models, the sensor response could be inferred to be caused by
a) the analyte ability to go into vapor state b) its ability to undergo charge transfer interaction
based on the ionization potential. This would require Model 1 and Model 2 to be combined for
explaining the sensor action and in future development of the new sensors. The proposed
energetic model is summarized in the following diagram. Marcus theory [57] of charge transfer
processes suggests that the favorable energetic factor will have to be coupled to the kinetic
scheme operating in the system under consideration. This kinetics would be controlled by the
barrier height of the two free energy profiles of the reactants and products as shown in equation
(3.3). A detailed description was later given by Heeger et al [58] for the charge transfer scheme
operating in the polymers for photoexcitations. In our studies the nanocomposite energy level
could not be fixed exactly although we could estimate its value based on the sensing action
observed here. It would be estimated that the vacant energy level in the nanocomposite is about
0.11 eV below that of chloroform. The sensor sensitivity to methylene chloride is less than that
of chloroform due to this barrier.
On the basis of this charge transfer interaction, the decrease in conductivity or increase in
resistance will have to be viewed as the neutralization of the charge in the oxidized state of the
conducting polymer. In other words, the polymer has gone from conducting state to a lesser
conducting or insulating state. As a charge transfer interaction is controlled by the dielectric
constant of the analyte [57], the correlation proposed here follows the observed trend in the
dielectric constant; CH4 =1.7, CH2C12= 5.32, CHC13=4.80 and CC14=2.64 [59]. This suggests that
lower the dielectric constant, the formation of the non-rigid complex is less likely.
Thus we conclude that four factors are responsible for selectivity of the sensor-a) the
number of molecules striking the surface controlled by the vapor pressure, b) the ionization
potentials of the analytes c) the activation barrier for the cross over from the reactant state to
product state (Fig.3.23) and d) the dielectric constant of the medium. The favorability of only
one of the factors would not be sufficient for evoking response from the sensor. This conclusion
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appears to be similar to the one drawn by Heeger et al [58] and Barbec et al [60] where
photoexcitations of conjugated polymer/fullerene composites embedded in conventional
polymers were considered. The charge separation has been found not only to be controlled by a
number of limiting factors such as ionization potential, electron affinity and coulomb attraction
of separated radicals but also potential barrier preventing the separation of the photoexcited
electron-hole pair or the morphology of the blend preventing the overlap of the donor and
acceptor excited state wave functions due to spacing limitation
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Fig. 3.23: Modelfor chlorinated hydrocarbons
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CHAPTER IV
CONCLUSIONS
Novel nanocomposites of poly (3-alkylthiophenes) with functionalized MWCNT were
prepared by in-situ polymerization of the polymer in the presence of the nanotubes.
Nanocomposites with poly (3-MT) were synthesized by using different weight percentages of
functionalized nanotubes during synthesis while those with other polymers were prepared using
30 mg of nanotubes. A nanocomposite of poly (3-MT) with nonfunctionalized nanotubes and a
physical mixture ofpoly (3-MT) and functionalized nanotubes were also prepared.
The nanocomposites were characterized by using techniques such as FTIR, UV-visible
spectroscopy, TGA and cyclic voltammetry. The results obtained suggest that there is a strong
interaction between the polymer and the nanotubes. Using the data from the voltammograms, the
capacitance of the nanocomposite electrode was calculated to be IO"3 F/mm2 A sensor was
fabricated using eight different materials as sensing material. Functionalized MWCNT, non
functionalized MWCNT, poly (3-methylthiophene), 3 different compositions of nanocomposite
with functionalized MWCNT, nanocomposite with non functionalized MWCNT and 1 : 1 blend of
functionalized MWCNT and poly (3-methylthiophene) were examined as sensing elements.
Poly (3-methylthiophene) is highly sensitive to chlorinated hydrocarbons but has a very
high initial resistance (10MQ) which makes it unsuitable for use in any practical applications.
The nanocomposite with functionalized MWCNT had a much higher sensitivity than any other
material tested. The initial resistance of the nanocomposite (6YSI) is acceptable for sensor
applications. Optimum sensitivity is achieved by using 30mg ofMWCNT in the nanocomposite
preparation. The response of the sensor towards methane, alcohols, aldehydes and ketones was
negligible. The sensor was very sensitive towards chlorinated hydrocarbons. Sensitivity for
chloroform was the highest while that for carbon tetrachloride was the lowest. The sensor had
very good selectivity and low response time. Sensitivity of the sensor for chloroform at room
temperature is much higher that that reported earlier [47] [48].
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Various models were developed to explain the sensing mechanism of the sensor. The
models try to establish a definite relation between the sensitivity and the vapor pressure,
ionization potential and dielectric constant of the analytes used. It is believed that the basic
sensing mechanism is based on the adsorption of the analyte molecules on the surface of the
nanocomposite and formation of a charge transfer complex at the active sites. This leads to
increase in resistance of the nanocomposite. On flushing the nanocomposite with an inert gas,
this complex is broken and the resistance falls back to its original value.
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CHAPTER V
FUTURE WORK
The current research has provided us with really interesting and exciting results. However,
extensive research has to be carried out to study the feasibility of the nanocomposites in highly
sophisticated smart sensors. These sensors would be capable of automated data analysis and
decision making. They could be used to identify threshold limits, or process data, activate
alarms, etc. SWNT could be used in place of MWCNT to see how it affects the different
properties of the nanocomposite. Also, further studies would be necessary to evaluate the model
described here by examining more number of other molecules. Also, the electrochemical
properties of the nanocomposites should be studied in more detail in order to explore their usage
as battery electrodes.
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